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 In this work, a variety of synthetic and computational studies unified by the theme of 
cooperativity in catalyst design are described. Although noble metals are used abundantly in the 
field of catalysis, they are not abundant in the Earth’s crust. As such, the strategies of both metal-
ligand cooperativity and metal-metal cooperativity offer sustainable alternatives by enabling 
desirable chemistry at base metals. In both cooperative strategies, the redox burden at a metal is 
alleviated by a ligand or additional metal that is capable of either chemical modification or direct 
substrate bond activation. In this work, coordination of a N-heterocyclic phosphine (NHP) pincer 
ligand to a molybdenum carbonyl fragment is explored. Evidence for both formally 
phosphenium (NHP+) and phosphido (NHP-) molybdenum carbonyl complexes synthesized from 
it are presented, highlighting the ligand’s redox non-innocence. The phosphenium complex or a 
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 N-heterocyclic carbene (NHC) ligands have become ubiquitous in coordination chemistry 
since their initial isolation in 1991.1 When complexed to metals, their strong σ-donor and weak 
π-acceptor properties have proven useful for a wide range of homogeneous catalytic 
transformations including cross-couplings, hydrogenations, cycloadditions, and asymmetric 
reactions.2–12 Although isoelectronic to NHCs, N-heterocyclic phosphenium ligands have 
received comparatively little attention in the literature. This could be due to their wildly different 
electronic properties: while NHCs are strong σ-donors and weak π-acceptors, NHPs are weak σ-
donors and strong π-acceptors.13 Nevertheless, interest in NHP chemistry has grown in recent 
years and has even sparked interest in congeners containing nitreniums14–22 and heavier 
pnictogens.22–24 Furthermore, the open coordination site of an NHP potentially allows for metal-
ligand cooperative reactivity rather than traditional metal-centered-only reactivity. This is 
facilitated by the NHP’s ability to convert between a neutral phosphine and either a positively 
charged phosphenium or negatively charged phosphido ligand, alleviating the redox burden often 
borne solely by the metal. This type of reactivity could lead to the discovery of new catalytic 
cycles that do not require precious metals. 
 
Earliest Phosphenium Cations 
 Before the synthesis of the first NHP+, linear, two-coordinate phosphorus was first 
reported in 1964 by Hoffmann in a class of compounds known as phosphacyanines (Figure 1).25 
In these species, the cationic charge is stabilized by extensive delocalization across heterocycles. 
Subsequently, partial multiple-bond character is associated with the phosphorus atom. Stabilizing 
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motifs such as these are generally required to isolate phosphenium cations because two-
coordinate cationic phosphorus is well-poised for attack by nucleophiles. 
 
 
Figure 1. Hoffmann’s two phosphacyanines (left) and Fleming’s NHP+ (right) 
 
 The first isolated NHP cation was reported in 1972 by Fleming nearly 20 years before the 
first report of Arduengo’s free NHC (Figure 1).26 In addition to being a structurally novel 
compound, this [NHP][PF6] had a highly unusual 
31P NMR chemical shift of 274 ppm, 
corroborating the structural assignment by indicating an extremely deshielded phosphorus 
atom.26 For reference, the farthest downfield chemical shift for lists of “typical” phosphorus 
compounds is 245 ppm for PF2Me.
27 Fleming’s NHP+ species was generated by halide 
abstraction from a halophosphine precursor, a method that has remained useful in more recent 
literature.28–30 The NHP+ is distinct from Hoffmann’s phosphacyanines in that the majority of the 
positive charge is localized on phosphorus. In lieu of adjacent resonance-stabilizing aromatic 
heterocycles, Fleming’s NHP+ is stabilized by π donation to P from neighboring N atoms. 
 
Non-Innocent Ligands 
 Non-innocent ligands are involved in two primary types of reactivity: (1) participation in 
a catalytic cycle by accepting/donating electrons or (2) actively forming/cleaving covalent bonds 
with the substrate.31 Such ligands are key to the strategy of metal-ligand cooperativity, which is 
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unique from oxidative addition in that the oxidation state of the metal remains unchanged (Figure 
2).32,33 Recent examples include base metal systems for hydrogen transfer chemistry that involve 
conversion between amide/amine ligand functionalities34–36 or disrupting aromaticity of ligand 
frameworks.37,38 Examples of ligands displaying redox non-innocence include pincer [ONO] and 
[SNS] complexes reported by Heyduk that are stable as mono-, di-, and trianions.39,40  
 
Figure 2. Oxidative addition (left) vs. a metal-ligand cooperative amide/amine system34 (right) 
 
 Although NMR is a powerful spectroscopic tool for characterizing ligands that form 
bonds to the substrate such as in the amine/amide bifunctionality above, systems with redox non-
innocent ligands that do not directly activate bonds may require alternative characterization 
methods. For example, nitrosyl, the prototypical redox non-innocent ligand, is commonly found 
in either the NO+ or NO- oxidation state (Figure 3). In its cationic form, it adopts a linear 
geometry, but in its two-electron reduced form, it adopts a bent geometry.41 This structural 
change is observable in the solid state by single-crystal X-ray diffraction, often allowing for 
facile oxidation state assignment. In addition, the N-O bond order varies with the charge of the 
NO ligand, allowing for additional characterization by IR spectroscopy.  
 
 
Figure 3. NO binding modes and resonance structures. NO+ (left) vs. NO- (right) 
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 Although a wide array of physical methods can be used to characterize metal complexes 
bearing NO or analogous ligands (e.g. NHPs), it may remain difficult to assign proper electronic 
descriptions to such complexes. This issue has been long-observed in the field of coordination 
chemistry and is discussed in a 1974 review by Enemark and Feltham.42 Enemark and Feltham 
note complexes for which there is ambiguity between Mn/NO+, Mn+2/NO-, or perhaps even 
Mn+1/NO· descriptions and instead proffer a more all-encompassing notation: {MNO}m.42 This 
notation has remained useful through the present day. One recent example is work by Zhang on 
four-coordinate copper halonitrosyl {CuNO}10 complexes capable of reversible NO· evolution 
and binding.43 In this report, complexes featuring square planar Cu with bent nitrosyl ligands are 
observed, perhaps suggesting a Cu3+/NO- or Cu2+/NO· electronic structure. However, the 
compound’s EPR silence suggests a Cu3+/NO- or Cu+/NO+ description. Detailed CASSCF 
calculations provide the best evidence for a Cu2+/NO· description, which is consistent with 
observed reversible NO· evolution and binding.43 
An additional notable example of ambiguity from structural data is a mid-2000s heated 
debate over borane ligands in transition metal complexes. In the view of Parkin, Z-type borane 
ligands should be viewed as formal two-electron oxidants, yielding a description of Mn+2/BX3
2-.44 
He reasons that this description better reflects the dn configuration of the complex and is 
supported by computational evidence.45,46 In contrast, Hill posits that M-B bonding can be 
ambiguous and supports a more all-encompassing notation akin to that of Enemark and 
Feltham.47 His description permits a more diverse array of M-B bonding descriptions and is 
supported by both computational studies and nontraditional boron geometries.48–50 It is possible 
that debate over oxidation states in ambiguous systems may be settled by utilizing X-ray 
absorption near-edge structure (XANES), a type of spectroscopy that excites core-level electrons 
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and provides quantitative information related to oxidation state. However, it can be difficult to 
get beamtime for this spectroscopic method. At the end of the day, oxidation states are merely a 
formalism used for electron bookkeeping; examining a complex’s reactivity is often more 
important than quibbling over notation.51 
 
Bonding in NHP Complexes 
 
Figure 4. Binding modes of NHP+/NHP- ligands 
 
 As weak σ donors and strong π acceptors, NHP ligands’ electronic properties facilitate 
multiple possible binding modes when complexed to a metal.13 These binding modes can be 
divided into two groups based on the coordination geometry at phosphorus: planar or pyramidal. 
For planar NHPs, a phosphenium description is necessitated, as the sp2 hybridization and empty 
p orbital on phosphorus are required to achieve this geometry. In one planar NHP bonding 
scenario, the metal-ligand bond is composed solely of a σ donation from the phosphorus lone 
pair to the metal. In an alternate planar scenario, a sufficiently electron-rich metal can 
additionally π backbond to the NHP ligand, potentially resulting in a formal metal-ligand double 
bond. This doubly-bonded planar NHP geometry is commonly observed in the literature, 
especially in the laboratory of Gudat, which has reported such NHP binding for carbonyl 
complexes of Cr,52,53 Mn,54,55 Fe,53,56 and Co.55 
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 In the alternative geometric scenario, NHPs can adopt a pyramidal geometry about 
phosphorus. In these cases, assignment of oxidation states can become more difficult. In one 
binding mode, the NHP cation acts as a Z-type ligand by receiving electron density from the 
metal in the form of a σ bond. Alternatively, the NHP’s oxidizing power may be significant 
enough to result in a formal two-electron oxidation of the metal, yielding an electronic 
description of NHP-/Mn+2. This binding mode has been observed predominantly by the Thomas 
lab, including NHP- complexes of Co,57,58 Rh,59 Pd,60,61 and Pt.60,61 Observation of the NHP- 
form and divergent geometries has permitted the analogy of NHPs to nitrosyls as redox non-
innocent ligands with multiple possible oxidation states. As a final note, NHP ligands are capable 
of bridging metal centers, typically forming dimeric or trimeric species. This has been observed 
for both NHP+ and NHP- ligands, as well as cases where oxidation states are ambiguous.54,59,61–65 
 
Synthesis of NHP Metal Complexes 
 Multiple routes exist to the formation of NHP complexes. Three are summarized well by 
Nakazawa in a 2000 review: (1) electrophilic attack of a phosphenium cation to a metal carbonyl 
or phosphine complex, (2) halide abstraction after a halophosphine is coordinated to a metal, or 
(3) hydride abstraction after a phosphine is coordinated to a metal (Scheme 1, 2).66 Method 1 was 
pioneered by Parry in 1978 by treating Fe(CO)5 with [NHP][PF6] to generate 
[(NHP)Fe(CO)4][PF6].
67 In the same issue of JACS, Paine pioneered Method 2 by reacting a 
fluorophosphine with Na[MoCp(CO)3] (Cp = cyclopentadienyl anion). In the reaction, NaF salt 
is eliminated and a phosphenium cation is generated in situ, yielding (NHP)MoCp(CO)3. 
68 
Method 1 is by far the most common in the literature for the generation of NHP+ 
complexes.29,55,56,69–74 Method 3 is largely similar to Method 2, though hydrides are often 
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removed with Lewis acidic boron reagents66,75,76 or instead migrate from the NHP to the metal 
center.52 An additional route, Method 4, involving both halide abstraction and reduction of a 
metal complex, has proven useful in the Thomas lab for the generation of both NHP+ and NHP- 
complexes (Scheme 2).58,74 
 
 










Reactivity of Free NHPs 
 Before exploring metal-cooperative reactivity of metal complexes bearing NHP ligands, 
it is important to understand the reactivity of NHPs in the absence of metals. Reactive NHP 
chemistry is dominated by use of the phosphenium as a Lewis acid stabilized by donation from 
the adjacent N atoms. One notable analogue that does not feature this type of stabilization is the 
bis(ferrocenyl)phosphenium ion, which instead features significant intramolecular Fe···P 
contacts that moderate Lewis acidity.77 Regardless, the electrophilic character of phosphenium 
ions has proven useful for a wide range of organic transformations, including reversible 
cycloadditions78 and the preparation of phosphazanes from NHP-azides.79  
 As a main group element, the nature of phosphorus’s bonds to hydrogen has been 
particularly well studied. Although NHPs have a proclivity to form phosphenium ions through 
the formal loss of a halide or hydride, chemistry involving loss of a proton or hydrogen atom has 
also been explored.80,81 For example, in one report, the nature of the P-H bond in two NHP-H 
molecules, one with a large aromatic backbone and one with an alkyl backbone, was compared 
(Scheme 3).82 The study found that the NHP-H with the aromatic backbone acted as a moderate 
hydride and hydrogen atom donor and a poor Brønsted acid while the NHP-H with the alkyl 
backbone acted as a good hydride donor and moderate hydrogen atom donor with no detected 
Brønsted acidity. These findings are evidence for the importance of tuning the electronics of an 
NHP to achieve desired reactivity. 
 
Scheme 3. P-H bond character of select NHP-H molecules 
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 NHPs have also emerged as practical catalysts for select reactions without the need for a 
transition metal. Kinjo was one of the first to use NHP catalysts, demonstrating the ability to 
catalyze hydrogenation of N=N double bonds with ammonia borane.83 The same group has gone 
on to use NHP catalysts for the hydroboration of carbonyls84 and regio- and chemoselective 
hydroboration of pyridines.85 Additional hydroboration catalysis has been explored by Melen86 
and Speed, the latter of which has reported asymmetric imine hydroboration87 and air/water 
stable hydroboration precatalysts.88 Further examples of specialized reduction catalysis include 
enantioselective imine reduction reported by Speed89 and enantioselective reduction of 
conjugates by Cramer.90 Since all of these transformations are achieved in the absence of a 
transition metal, similar or improved activity may be feasible with a metal-NHP cooperative 
system. 
 
Reactivity of NHP-Metal Complexes 
 As NHP metal complexes are a relatively recent subject of research, reports of reactivity 
and catalysis are limited primarily to the labs of Gudat and Thomas. Reports from the Gudat lab 
have focused primarily on hydrogenation and dehydrogenation chemistry using NHP carbonyl 
complexes. For example, Gudat’s (NHP)Mn(CO)4 complex has proven competent for the 
dehydrogenation of ammonia borane to primarily cyclotriborazane and B-
(cyclodiborazanyl)aminoborohydride (Scheme 4, top).54 Gudat has more recently reported a 
(NHP)2Cr(CO)3 complex capable of reversible metal-ligand cooperative H2 activation under 
specific heating and irradiation conditions (Scheme 4, bottom) as well as the photocatalytic 




Scheme 4. Gudat’s NHP complexes for catalytic (de)hydrogenation 
 
 Work in the Thomas lab has focused primarily on phenol/thiophenol activation and 
dehydrogenation chemistry, especially with late transition metal complexes bearing ancillary 
phosphine ligands. Such studies have been instructive for understanding the electronic structures 
of NHPs when incorporated into a pincer ligand framework. For example, Thomas has 
demonstrated that (PPP)Rh(PMePh2) is capable of activating thiophenol, yielding a product with 
a P-H bond (Scheme 5, top).59 The observed product is consistent with other evidence that the 
NHP ligand is formally anionic in this complex. However, reactions with complexes of other late 
metals reveal the electronic complexity of the (PPP) ligand. Treatment of (PPP)Pt(PPh3) with 
thiophenol yields a product analogous to the Rh case, but (PPP)Pt(PPh3) reacts divergently with 
alcohols to instead form a product with a P-O bond (Scheme 5, bottom).60 This type of reactivity 





 Scheme 5. E-H bond activation by noble metal complexes from the Thomas lab 
  
 Exploration of the chemistry of (PPP)Co(PMe3) in the Thomas lab has led to further 
curiosity regarding the (PPP) ligand (Scheme 6). Upon treatment with PhOH, the complex reacts 
to form a product with a P-O bond, analogous to the Pt system.91 Initial treatment (5 min) of 
(PPP)Co(PMe3) with PhSH affords a product featuring a P-H bond, again analogous to the Pt and 
Rh systems. However, after 20 hours, the initial product surprisingly isomerizes to a more 
thermodynamically stable product instead featuring a P-H bond. In addition, (PPP)Co(PMe3) is 
capable of more challenging reactivity: H2 activation and ammonia borane dehydrogenation 
(Scheme 6).58 Unfortunately, these reactions are stoichiometric rather than catalytic, but they do 




Scheme 6. Reactivity of (PPP)Co(PMe3) 
 
Synthesis of Molybdenum Pincer Complexes 
 Pincer ligands have been coordinated to molybdenum numerous times in the literature. 
Most examples can be grouped into one of two categories: low-valent molybdenum pincer 
complexes featuring π-acidic ligands or high-valent THF adducts of molybdenum halides. 







101–105 Synthesis of pincer complexes from these precursors generally takes less 
than a day of stirring in solution; typical reaction conditions include stirring in room temperature 
THF,93,96,101 room temperature MeCN,94 or heating/refluxing in MeCN,95,98–100 toluene,92,105 or 
benzene.97 
In addition, the commercially available Mo(CO)3(cycloheptatriene) has also been used as 
a metal precursor. However, the carbonyls of this piano stool complex are arranged in a fac 
orientation. Although mer pincer complexes have been synthesized from it,106–108 it may be more 
useful for the synthesis of fac pincer complexes,107–112 complexes with tripodal ligands,113–115 
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complexes with bidentate ligands,107,108 or metal clusters.116,117 Indeed, it is worth noting that the 
limited examples of mer pincer complexes synthesized from Mo(CO)3(cycloheptatriene) feature  
flexible pincer ligands containing ethylene linkers and/or are generated by partial conversion 






















Results and Discussion 
Synthesis of (PPClP)Mo(CO)3 as a Phosphenium Precursor
 
Scheme 7. Summary of coordination reactions of (PPClP) to Mo(CO)3(cycloheptatriene) 
 
 To synthesize a molybdenum carbonyl complex containing a phosphenium cation, a 
halide abstraction route was first envisioned. In this strategy, the target molecule 
(PPClP)Mo(CO)3 (1) would hypothetically be converted to [(PPP)Mo(CO)3]
+ via salt metathesis. 
Initially, extensive attempts to coordinate the (PPClP) ligand to Mo(CO)3(cycloheptatriene) 
resulted in mixtures of products with similar solubilities (Table 1). Nonetheless, attempts at 
isolation were reinvigorated when X-ray diffraction-quality crystals of 1 were grown from a 
concentrated C6D6 solution in an NMR tube (Figure 1). 1 features an octahedral Mo atom 




Table 1. Screening reaction conditions for the optimal synthesis of 1 or 2 
Method Reaction conditions 31P product signals >140 ppm 
1 THF, rt, 16 h 170 (t), 164 (d), 151 (t), 144 (t) 
2 THF, 40°C, 16 h 170 (t), 164 (d), 157 (t), 155 (t), 151 (t) 
3 THF, 40°C, 2 days 170 (t), 164 (d), 151 (t) 
4 THF, 55°C, 7 days 170 (t), 164 (d), 155 (d), 151 (t) 
5 THF, rt, 24 h, dark 170 (t), 164 (d), 151 (t), 145 (t) 
6 CH2Cl2, rt, 1.5 h 170 (t), 164 (d), 144 (t) 
7 CH2Cl2, rt, 16 h 311 (t), 172 (d), 170 (t), 164 (d) 
8 Dioxane, rt, 16 h 170 (t), 164 (d), 162 (t), 152 (t) 
9 Dioxane, rt, 16 h (precipitate) 170 (t) 
10 Dioxane, 50°C, 5 days 170 (t), 164 (d), 155 (d) 
11 Dioxane, 65°C, 16 h 170 (t), 164 (d), 155 (d), 153 (t), 151 (t) 
12 Dioxane, rt, 1 h, 1 min vacuum “burping” 
every 15 min 
311 (t), 194 (d), 172 (d), 170 (t), 164 
(d), 162 (t), 152 (t), 144 (t) 
13 Dioxane, rt, 24 h, static vacuum 311 (t), 172 (d), 170 (t), 164 (d), 156 
(d), 152 (t) 
14 PhF, rt, 24 h 329 (t), 170 (t), 161 (t), 159 (t)  
15 PhF, 50°C, 24 h 170 (t), 164 (d), 151 (t) 
16 PhF, 50°C, 5 days 150 (t) 
 
 1 was synthesized most reliably by Method 9 (Table 1), exhibiting 31P NMR resonances 
at 170 (t) and 31 (d) ppm. Occasionally, this method would yield a mixture containing a second 
product exhibiting 31P NMR resonances at 155 (t) and 33 (d) ppm and a single 1H NMR 
backbone resonance at 2.8 ppm, but the identity of this product remains unknown. For each of 
the other reaction conditions in Table 1, multiple additional products were observed by NMR 
spectroscopy, but spectroscopic data was insufficient for assigning structures to products in the 
mixtures besides 1. However, crystals grown in CH2Cl2 at -35°C from a reaction with the 
conditions in Method 7 (Table 1) yielded a crystal structure of an additional unique compound, 
(PPP)MoCl(CO)2 (2). 2 features an octahedrally coordinated Mo dicarbonyl with a chloride 
positioned trans- to the PNHP. As a result of CO dissociation and chloride migration to the metal, 
this complex features a PNHP bearing no substituent, indicative of either a phosphenium or 
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phosphido ligand. However, the planar geometry of the PNHP and the shortening of the Mo-PNHP 
bond by 0.17 Å relative to 1 (Figure 1) both suggest that the NHP is best classified as a 
phosphenium in 2. 
  
Figure 1. Crystal structures of 1 (Mo-PNHP = 2.3240(3) Å) and 2 (Mo-PNHP = 2.1462(16) Å) 
 
To provide further evidence supporting this assignment, density functional theory 
methods were used to investigate the orbitals involved in the Mo-PNHP bond. Natural bond orbital 
(NBO) calculations performed by Andrew Poitras for 2 using the M06 functional with the 
LANL2DZ/D95V basis sets revealed two NBOs, including a σ bond resulting from the 
phosphorus sp2-hybridized orbital σ-donating to Mo and a π bond resulting from a molybdenum 
d orbital π-backbonding to phosphorus (Figure 2). The assigned directions of electron donation 
are supported by the fact that the σ-bonding orbital has a higher percentage of phosphorus 





Figure 2. Pictorial representations of the two Mo-PNHP natural bond orbitals calculated for 2. 
 
Oxidation and Reduction of (PPClP)Mo(CO)3
 
Scheme 8. Oxidation and reduction reactions of 1 
 
 Although a crystal structure of 2 was obtained, 2’s presumed 31P NMR resonance at 311 
ppm constituted ~ 1% of the product mixture. As such, this synthetic route was dismissed and the 
initial strategy of halide abstraction from 1 was instead pursued. Treatment of 1 with AgPF6 or 
FeCp2PF6 both generated (PP
FP)Mo(CO)3 (3) as the major product, as evidenced by P-F 
coupling in the 31P NMR resonances at 162 (dt) and 47 (dd) ppm (Scheme 8). Given these 
observations, it is presumed that a transient phosphenium species [(PPP)Mo(CO)3][PF6] is 
generated but is sufficiently reactive to break the P-F bond of the counteranion, yielding volatile 
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PF5 as a byproduct. Rather than abstract the halide from the metal complex, halide abstraction 
before coordination of the pincer ligand was also considered. Unfortunately, the reaction 
between ligand salt (PPP)BPh4 and Mo(CO)3(cycloheptatriene) in dioxane yielded an intractable 
mixture of products, including species exhibiting multiplets (dt?) in the 31P{1H} NMR spectrum 
at 144 and 138 ppm. 
 
Figure 3. Cyclic voltammogram of 1 collected in THF with 0.3 M nBu4NPF6 as a supporting 
electrolyte. CV parameters: scan rate = 0.3 V/s, sample interval = 0.001 V, quiet time = 2 s, 
sensitivity = 0.0001 A/V. 
 
To investigate the electrochemical redox profile of 1, cyclic voltammetry was performed 
in THF using nBu4NPF6 as a supporting electrolyte (Figure 3). Although the obtained 
voltammogram does not display ideal “duck”-like reversible features, it does suggest that 1 is 
capable of undergoing both oxidation and reduction. It is worth noting that since 1 can cleave P-
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F bonds upon treatment with PF6
- salts, it is likely that under oxidizing conditions, 1 similarly 
reacted with the supporting electrolyte in this experiment. To complement the oxidative 
chemistry previously attempted, 1 was treated with KC8 as reductant (Scheme 8). However, the 
observed major product was (PPHP)Mo(CO)3 (4), featuring 
31P NMR resonances at 134 (dt) and 
51 (d) ppm. Crystals of 4 grown from a concentrated dioxane solution corroborate a structure 
analogous to 1 featuring an octahedrally coordinated Mo atom with three CO ligands arranged in 
a meridional fashion (Figure 4). The source of the H atom in this reaction is unknown, though it 
is likely from either lingering cycloheptatriene or THF solvent. Treatment of 1 with LiAlH4 as an 
alternative reductant also yielded 4 as the major product. 
 
Figure 4. Solid state structure of 4 featuring a P-H bond identifiable by crystallography 
 
Attempted Synthesis of (PPP)MoCl(CO)2 by Decarbonylation
 
Scheme 9. Attempts at decarbonylation of 1 
24 
 
 Acquisition of the crystal structure of 2 provided inspiration for an alternate synthetic 
route to a Mo phosphenium complex: dissociation of a CO ligand and migration of the halide 
from PNHP to Mo. Traditional methods for encouraging removal of CO ligands include 
thermolysis, photolysis, and O-atom donor reagents. Thermolysis of 1 in a wide range of reaction 
conditions had already been attempted repeatedly (Table 1) without success. Applying vacuum 
during the reaction generated intractable mixtures, though a phosphenium species was observed 
as one component (Table 1). Irradiation experiments were also attempted under a variety of 
conditions including white light, blue light, and 254 nm light, but none generated a phosphenium 
complex observable by 31P NMR spectroscopy. 
 Next, atom-transfer oxidation reagents were employed in attempts to oxidize CO to the 
excellent leaving group CO2. 1 was treated with both Me3NO and pyridine-N-oxide as O-atom 
donors. Both reactions resulted in intractable mixtures of products, neither of which exhibited 
downfield 31P NMR signals characteristic of a phosphorus atom with an open coordination site. 
Purple needle crystals suitable for X-ray diffraction were grown from slow evaporation of 
diethyl ether into a THF solution of the Me3NO reaction. Disappointingly, this yielded a 
structure of [(PPOP)MoCl2(CO)][HNMe3] (5) in which the trimethylammonium proton 
hydrogen-bonds to the phosphorus oxide. Although carbonyl ligands were removed and 
chlorides migrated, 5 is an undesirable product because of the formation of an inert P=O bond. 
As P is an oxophilic element, it is unsurprising that the donated O atom was not selective for CO 
ligands. The source of the trimethylammonium proton is presumably adventitious water since 







Scheme 10. Synthesis and decarbonylation of iodophosphine complex 
 
 After numerous attempts to force chloride migration by dissociation of a carbonyl, 
attention was turned to a larger halophosphine substituent, iodine. Since P-I bonds are weaker 
than P-Cl bonds, it was hypothesized that halide dissociation and migration to Mo may be more 
facile for iodide than chloride in polar aprotic solvent. Treatment of Mo(CO)3(cycloheptatriene) 
with (PPIP) ligand in THF overnight yielded two products with drastically different NHP 
chemical shifts. The product with 31P resonances at 160 (t) and 34 (d) ppm was assigned as 
(PPIP)Mo(CO)3 (6) while the product with resonances at 326 (t) and 18 (d) ppm was assigned as 
the decarbonylated product (PPP)MoI(CO)2 (7). It is noteworthy that partial conversion was 
achieved without the use of additional heating or UV irradiation. Indeed, full conversion of 6 to 7 
can be achieved by heating above 50°C. Surprisingly, 1H NMR signals for 7 were observed at 
3.87 and 3.07 ppm, suggesting that the protons of the N-heterocycle’s ethylene backbone are 
diastereotopic. This is evidence that 7’s NHP has a pyramidal coordination geometry and that 7 
is therefore not isostructural to 2. In the absence of a solid state structure or XANES data, it is 
ambiguous whether 7 is best electronically described as NHP+/Mo0 or NHP-/Mo2+; in Enemark-
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Feltham notation, the M-NHP moiety can be described as {Mo-P}6. Regardless, 7 is the 
compound in this work most likely to be capable of σ bond activation or catalytic activity; the 
complex has a vacant coordination site at PNHP and a second can be generated at Mo upon iodide 
dissociation. 
 
Reactivity of (PPHP)Mo(CO)3 
 
Scheme 11. Synthesis and reactivity of phosphine complex 4 
 
 Although 4 could be synthesized by reduction of 1, the overall yield was found to be 
significantly greater if the reduced ligand (PPHP) was coordinated to Mo(CO)3(cycloheptatriene) 
instead. Unlike the (PPClP) coordination reaction, the (PPHP) coordination reaction in THF did 
not yield multiple products. In addition to the more facile synthesis, 4 was of greater interest than 
1 due to the potential for acidic and/or hydridic behavior of the P-H moiety. 
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 Since previous unpublished work by Andrew Poitras and Leah Oliemuller on (PPHP) Co 
and Ni complexes each suggested that the P-H moiety was hydridic rather than acidic, studies of 
4 began by similarly exploring hydricity. First, 4 was treated with the Brønsted acid HNTf2 in 
hopes of using a proton to remove a P-H hydride, generating H2 and a phosphenium complex. 
However, no color change or gas evolution was observed after stirring overnight in THF and 
NMR data indicate no reaction. Next, attention was turned to reactivity with the Lewis acid 
B(C6F5)3, again in hopes of removing a hydride. Surprisingly, treatment of 4 with one equivalent 
of B(C6F5)3 in THF generated a 1:1 mixture of 4 and unknown product 8 with 
31P resonances at 
149 (t) and 48 (d) ppm. Addition of a second equivalent of B(C6F5)3 resulted in full conversion to 
the product. Although 8’s identity remains unknown, 31P spectroscopic data can eliminate a few 
possibilities. The product’s NHP resonance is not sufficiently downfield to be a phosphenium or 
phosphido complex. Additionally, the lack of P-H coupling indicates that the product does not 
feature a hydride bridging the NHP and B(C6F5)3. Similarly, no P-F coupling is observed. The 
current hypothesis is that a P-ArF bond is formed as the results of P-C bond cleavage. 
 To complement 4’s hydridic activity, its acidity was next probed. Treatment of 4 with 
KHMDS in THF resulted in an immediate color change to bright red, yielding [(PPP)Mo(CO)3]K 
(9-K). Since salt 9-K was insoluble in C6D6 and would likely react with CDCl3, 
1H NMR data 
could not be obtained. However, 9-K displayed 31P NMR resonances at 349 and 57 ppm in THF, 
supporting the assignment of an empty coordination site on the NHP. It is extremely likely that 
9-K is best described as NHP-/Mo0 rather than NHP+/Mo2- because the Mo2- oxidation state is 
extremely uncommon. In an attempt to provide more evidence for the phosphido description by 
observing diastereotopic protons in the 1H NMR spectrum, a salt metathesis reaction was 
performed to generate a salt with a large organic cation. However, upon treatment of 9-K with 
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PPN-Cl, 9-PPN was not generated. Instead, the product mixture yielded a NMR spectrum 
including 4 but no 31P resonances downfield of 150 ppm. Alternatively, 1H NMR data for 9-K 
could be collected in deuterated THF in the future. 
 
Higher Valent Complexes: MoCl3 instead of Mo(CO)3 Fragment 
 
Scheme 12. Synthesis of Mo3+ complex 
 
 Although the synthesis of numerous NHP-Mo compounds has been described throughout 
this work, most of them are unlikely to display catalytic activity because they are coordinatively 
saturated. Ligand dissociation to vacate a coordination site at Mo is ideal if reactivity is to be 
studied, but carbonyl ligands are difficult to remove. To combat this problem, complexes 
containing or derived from a MoCl3 fragment were envisioned. Initial studies began by 
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attempting to coordinate the (PPClP) ligand directly to MoCl3 in THF, but the product mixture 
contained primarily free (PPClP) with little to no paramagnetic product. This is likely due to the 
large amount of energy required to disrupt the salt’s ionic lattice and coordinate the pincer 
ligand. 
 To combat this problem, MoCl3(THF)3 was prepared by a literature procedure and 
instead utilized as a metal precursor.119 Coordination of (PPClP) to purple MoCl3(THF)3 yielded a 
paramagnetic yellow-brown product displaying 1H NMR resonances within the 0-12 ppm range. 
Although a crystal structure remains unobtained, it is likely that this complex is (PPClP)MoCl3 
(10). In the literature, pincer Mo trihalide complexes are often treated with three equivalents of 
reductant to remove all halides, yielding a coordinatively unsaturated, low-valent Mo complex. 
Such complexes frequently bind N2, dimerizing around it and/or cleaving it into two Mo nitrides 
that can be reduced to ammonia.102–105,120 For 10, it was hypothesized that similar reactivity may 
occur, though the presence of the fourth halide bound to the central phosphorus may complicate 
the chemistry. Treatment of 10 with one equivalent of CoCp2 as a mild reductant in THF 
generated a muddy brown mixture within minutes. 1H NMR data indicated that the product was 
primarily composed of free ligand (PPClP) with minor paramagnetic impurities. This suggests 
that the metal was ejected from the pincer complex upon reduction to Mo2+. Treatment with an 
additional equivalent of CoCp2 resulted in no further reaction, as evidenced by the major CoCp2 
1H NMR resonance at -45 ppm. 
 
Computational Investigation of (PPXP)Mo(CO)3 Isomers and Derived Products 
Since 1H NMR data suggest that 7 is not isostructural to 2, computational methods were 
utilized to investigate whether such complexes are more stable when the halide is trans- to a CO 
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or the NHP. In addition, the mechanism of CO dissociation and halide migration was of interest. 
A few dissociative pathways were considered for this experiment. First, X- could dissociate from 
(PPXP)Mo(CO)3 and go outer-sphere, yielding X
- and [(PPP)Mo(CO)3]
+. Next, a CO could 
dissociate from the complex; however, with multiple carbonyls, this could happen either from 
the position cis- or trans- to the NHP unit. This would yield X-, CO, and cis- or trans-vacant 
[(PPP)Mo(CO)2]
+. From here, X- could bond to the metal, either in a cis- or trans- position 
relative to the NHP. Given that trans-(PPP)MoCl(CO)2 (2) has been structurally characterized, it 
was hypothesized that either Cl- binds in the trans- position or it binds in the cis- position and 
subsequently isomerizes to trans-. An alternative pathway could involve initial dissociation of a 
CO ligand rather than X-, yielding a (PPXP)Mo(CO)2 intermediate. However, later intermediates 
in this pathway would be the same as those listed in the previous pathway. These pathways 
would contrast with the iodide analogue, since 1H NMR data suggest 7’s halide is cis- to the 
NHP. 
Geometry optimization and vibrational frequency calculations were performed on the 




+, cis-(PPP)MoX(CO)2, trans-(PPP)MoX(CO)2, 
trans-vacant (PPXP)Mo(CO)2, cis-vacant (PP
XP)Mo(CO)2 “A”, trans-vacant (PP
XP)Mo(CO)2 
“B”,  X-, and CO for X = H, F, Cl, Br, and I (Chart 1).  All calculations were performed using the 
M06 functional119 with LANL2DZ basis set for Mo, Cl, and Br, LANL2DZ(d,p) for I, and D95 
for C, H, O, N, and F. Input geometries were constructed beginning from the crystal structures of 
1, 2, and 4. All starting geometries retained the octahedral coordination environment or 
octahedral with one vacancy. When changing X substituents, Mo-X or P-X bonds were adjusted 
accordingly for the input geometry based on the sum of the elements’ covalent radii. Optimized 
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geometries were inspected to confirm that all calculated vibrational frequencies were real 
numbers. All calculations attempted using LANL2DZ instead of LANDL2DZ(d,p) for I either 
failed to converge or yielded nonsensical geometries. Energies of species within each 
intermediate step were summed to calculate the energy of the system in each of those 
configurations. Finally, energies for each -X substituent were normalized such that the lowest 
energy species or collection of species was set to 0 kJ/mol. Energies for each of the considered 
species or collections of species are tabulated in Table 2.  
 
 





Table 2. Calculated free energies for each species or sum of species 
Species X=H X=F X=Cl X=Br X = I 
(PPXP)Mo(CO)3 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 
[(PPP)Mo(CO)3]+ 
plus X- 
886.2559035 649.5119430 469.2162325 424.8137765 407.6456320 
cis-vacant 
[(PPP)Mo(CO)2]+ 
plus X- plus CO 
1024.5304865 787.7865260 607.4908155 563.0883595 545.9202150 
trans-vacant 
[(PPP)Mo(CO)2]+ 
plus X- plus CO 








171.3453810 135.5073060 83.0524415 86.7832770 97.0673605 
(PPXP)Mo(CO)2 
plus CO 
191.1757825 193.3496965 152.4365300 153.8070410 143.2630330 
 
 For most -X substituents, only one or two of the isomers trans-vacant (PPXP)Mo(CO)2, 
cis-vacant (PPXP)Mo(CO)2 A, and trans-vacant (PP
XP)Mo(CO)2 B optimized to a minimum. As 
such, the three are combined as (PPXP)Mo(CO)2 in Table 2 and the lowest energy found is 
reported. From these calculations, the most glaring trend is that species containing cation/anion 
pairs are significantly greater in energy than the neutral complexes. This is likely due to the fact 
that all energies were calculated in the gas phase for individual molecules and ions. This method 
ignores the stabilizing effects of intermolecular interactions and solvent effects (vide infra). 
Another takeaway is that  (PPXP)Mo(CO)2 species are higher in energy than their 
(PPP)MoX(CO)2 isomers. This is expected given the synthetically observed halide migration and 
the fact that (PPXP)Mo(CO)2 is a 16-electron complex whereas (PPP)MoX(CO)2 is an 18-
electron complex. 
 Findings from these calculations regarding cis-vacant vs. trans-vacant (PPP)MoX(CO)2 
are troubling as they do not match well with data collected in the laboratory. For X = F, Cl, and 
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Br, the cis- isomer is calculated to be more stable than the trans- isomer. This is consistent with 
the fact that cis-vacant (PPP)Mo(CO)2
+ was calculated to be lower in energy than trans-vacant 
(PPP)Mo(CO)2
+ but is not consistent with the fact that the crystal structure obtained for 2 
features a halide trans- to the NHP. For X = H, the trans- isomer is more stable, but this 
analogue is not directly comparable because the hydride ligand is small and significant distortion 
from an octahedral geometry is observed. However, for X = I, the trans- isomer is also calculated 
to be more stable. This is inconsistent with the analogues containing other halides as well as the 
fact that 1H NMR data suggest that 7’s NHP has a pyramidal coordination geometry. 
 
 
Figure 5. Generalized reaction coordinate diagram showing a few possible mechanistic 
pathways for reaching final the product with X = F, Cl, or Br. Note that relative order of energies 
is displayed qualitatively rather than quantitatively; actual energy differences vary highly. 
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Data for X = F, Cl, and Br were used to generate a qualitative reaction coordinate 
diagram (Figure 5). The lowest-energy path to a decarbonylated product would involve CO 
dissociation from the position cis- to the NHP as the first step. Next, the halide would dissociate 
from the NHP, but it is likely that the halide always remains inner-sphere since it migrates from 
the NHP to the adjacent vacant coordination site on Mo. These steps may also be concerted, but 
this could only be probed by transition state calculations. 
Given the great disparity in energy found between neutral and ionic complexes (Table 2), 
additional calculations were performed using a THF solvation model. Geometry optimization 
and vibrational frequency calculations were performed using the optimized geometries from the 
gas phase as input geometries. However, multiple calculations inexplicably failed to converge 
despite converging for the gas phase calculations. Data for X = H, F, Br, and I are the most 
complete and are tabulated in Table 3. 
 
Table 3. Calculated free energies for each species or sum of species with THF solvation 
Species X=H X=F X=Br X=I 
(PPXP)Mo(CO)3 0.0000000 0.0000000 0.0000000 0.0000000 
[(PPP)Mo(CO)3]+ 
plus X- 
364.5296710 218.7829150 132.8949335 65.1176510 
cis-vacant 
[(PPP)Mo(CO)2]+ 
plus X- plus CO 
462.9964230 317.2496670 231.3616855 163.5844030 
trans-vacant 
[(PPP)Mo(CO)2]+ 
plus X- plus CO 













 Some interesting conclusions can be drawn from the simulated solvent data. Most 
notably, ionic complexes are significantly stabilized relative to the gas phase calculations: 
(PPP)Mo(CO)3
+/X- is only 65-364 kJ/mol greater in energy than (PPXP)Mo(CO)3 rather than 
408-886 kJ/mol. Furthermore, for X = I, (PPP)Mo(CO)3
+/X- is more stable than the product cis-
(PPP)MoX(CO)2. This is the case only for X = I and suggests that the lability of the iodide ion in 
polar solvent is indeed responsible for direct conversion of (PPIP)Mo(CO)3 to (PPP)MoI(CO)2 
synthetically. Attempted calculations for (PPXP)Mo(CO)2 consistently failed to converge, 
leaving unknown whether iodide or CO dissociation occurs first mechanistically. 
 
Conclusion 
 The coordination chemistry of (PPXP) pincer ligands to Mo(CO)3 and MoCl3 fragments 
has been explored synthetically. Although (PPClP) is not incompatible with Mo(CO)3, isolating 
pure products in good yield remains a challenge. Furthermore, attempts to remove the chloride 
failed to generate an isolable phosphenium complex in quantitative yield. Similarly, chemistry of 
higher valent analogues does not seem promising due to complex decomposition. Alternatively, 
coordination of the (PPIP) ligand to Mo(CO)3 results in direct conversion to 7, a compound 
which has enough available coordination sites to accommodate σ bond activation and potentially 
catalysis. The exact electronic description of 7 remains unknown despite computational 
investigations, as does the mechanism for its formation from 6. Syntheses of complexes using the 
(PPHP) ligand are the most facile, and subsequent reactivity studies demonstrate the ligand’s 






 The future of this project will likely be centered around 7’s reactivity. Treatment with 
MeI would be an interesting experiment: would the NHP act as a nucleophile to form a P-Me 
bond or as an electrophile to form a P-I bond? Additionally, reactivity with substrates containing 
polar E-H bonds should be screened. Studies should begin with an acidic E-H bond like phenol 
or thiophenol; if 7 or a derivative with an outer-sphere anion can’t cleave the weak E-H bond of 
these substrates, this system has little to no potential for σ bond activation. If the complex is 
capable of activating such bonds, stronger or less polar E-H bonds should be subsequently tested. 
 Although the (PPHP) system doesn’t have as many available coordination sites, it may 
have use in some of the reactivity described in the Introduction for free NHP or NHP-H 
molecules. At the very least, it is an excellent case study verifying the (PPNHPP) ligand’s utility 
as a redox non-innocent ligand. Additionally, it may be prudent to determine the IR νP-H of 4, as 
this value is reported for numerous other characterized NHP-H complexes. Although the 
stretching frequency was indeterminable due to multiple peaks present in the P-H region of the 
IR spectrum, an isotopic labelling study using (PPDP) could elucidate the stretching frequency. 
The outlook for the (PPClP) system is less optimistic. Synthesis and isolation of 1 remains 
difficult despite extensive reaction condition screening. However, it may be interesting to see if 




General Considerations. All reported reactions were carried out on a Schlenk line or in a 
nitrogen atmosphere glovebox in the absence of water or dioxygen. All bulk solvents were 
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degassed and dried via passage through columns of drying agents using a Seca solvent 
purification system from Pure Process Technologies, then stored in the glovebox over 3 Å 
molecular sieves. C6D6 was degassed via repeated freeze-pump-thaw cycles and stored in the 
glovebox over 3 Å molecular sieves. NMR data were collected at room temperature using a 
Bruker DPX 400 MHz or Bruker 600 MHz Avance III HD instrument. 1H and 13C NMR shifts 
were referenced to residual solvent peaks, and all 31P NMR shifts were referenced to an external 
standard of 85% H3PO4. Reactants and bench solvents were purchased from Aldrich, Strem, or 
Alfa Aesar and used without further purification. IR spectra were recorded on a Varian 640-IR 
spectrometer controlled by Resolutions Pro software. 
 
Synthesis of (PPXP) ligands. Ligand (PPClP) was synthesized in accordance with a literature 
procedure.28 Ligand (PPIP) was synthesized analogously using PI3 instead of PCl3, although 
additional toluene extractions were performed for purification due to the increased solubility of 
byproduct [Et4N][I] relative to [Et4N][Cl]. Ligand (PP
HP) was synthesized in accordance with a 
forthcoming literature procedure involving reduction of (PPClP) with KEt3BH in THF.
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Synthesis of MoCl3(THF)3. Metal precursor MoCl3(THF)3 was synthesized in accordance with 
a literature procedure.119 Notably, the product’s color was purple rather than pale-orange as 
reported in the literature. 
 
Synthesis of (PPClP)Mo(CO)3 (1). Mo(CO)3(C7H8) (0.018 g, 0.066 mmol) was dissolved in 1,4-
dioxane (6 mL) and added to ligand (PPClP) (0.043 g, 0.067 mmol). This red suspension was 
stirred at room temperature for 16 hours. The resulting cloudy peach/brown suspension was 
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filtered over a frit to isolate a peach solid. This solid was recollected in benzene and lyophilized, 
then solvent was removed in vacuo to yield 1 as a peach powder (35%, 0.019 g). Yellow crystals 
suitable for X-ray diffraction were grown from a concentrated C6D6 solution in an NMR tube. 
31P{1H} NMR (161.8 MHz, C6D6): δ 170.2 (t, P
NHP, 2JP-P = 33.5 Hz, 1P), 30.8 (d, PPh2, 
2JP-P = 
33.5 Hz, 2P). IR (DCM, cm-1): 1968 (νC-O), 1929 (νC-O), 1859 (νC-O). 
 
Synthesis of mixture containing (PPP)MoCl(CO)2 (2). Mo(CO)3(C7H8) (0.512 g, 0.188 mmol) 
was dissolved in DCM (6 mL) and added to ligand (PPClP) (0.122 g, 0.189 mmol). This dark red 
solution was stirred at room temperature for 1.5 hours; no further color change was noted. 
Solvent was removed in vacuo. Orange needle-shaped crystals suitable for X-ray diffraction 
were grown from a concentrated DCM solution at -35°C, though crystal growth was also 
observed from the same solution at room temperature. The crystal structure obtained is thought 
to represent only a minor component of the product mixture. 
 
Synthesis of (PPFP)Mo(CO)3 (3). Method 1 (better yield and purity): AgPF6 (0.006 g, 0.02 
mmol) was dissolved in PhF (8 mL) and added to 1 (0.020 g, 0.025 mmol). This reaction should 
not be run in THF, as AgPF6 polymerizes THF into a solid. The resulting dark orange solution 
was stirred for 3 days at room temperature. After stirring, the solution was yellow-brown. 
Filtration over a filter pipette yielded a translucent yellow solution from which solvent was 
removed in vacuo. 31P NMR (161.8 MHz, C6D6): δ 161.6 (dt, P
NHP, 1JP-F = 1094 Hz, 
2JP-P = 49.8 
Hz, 1P), 46.7 (dd, PPh2, 
2JP-F = 9.0 Hz, 2P). Method 2: FeCp2 (0.007 g, 0.02 mmol) was 
dissolved in THF (4 mL) and added to 1 (0.017 g, 0.020 mmol). After stirring overnight, the 
yellow-orange solution was filtered over a filter pipette to collect a solution of approximately the 
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same color. Solvent was removed in vacuo. The major product is 3. Minor product: 31P NMR 
(161.8 MHz, CDCl3): δ 40.3 (d). 
 
Synthesis of (PPHP)Mo(CO)3 (4). Mo(CO)3(C7H8) (0.035 g, 0.128 mmol) was dissolved in THF 
(6 mL) and added to ligand (PPHP) (0.077 g, 0.127 mmol). This red/orange solution was stirred 
for 16 hours at room temperature. Solvent was removed in vacuo from the resulting dark 
red/orange solution. This film was rinsed with hexanes (4 mL), then solvent was dried in vacuo 
to yield 2 as a yellow powder (94%, 0.094 g). Yellow X-ray quality crystals were grown from a 
concentrated 1,4-dioxane solution. 1H NMR (400 MHz, C6D6): δ 7.72, (m, Ar-H, 8H), 6.96 (d, P-
H, 1H; left peak of the doublet is observable at 7.36 ppm but right peak is obscured by aryls), 
7.10 (t, Ar-H, 8H), 7.08-6.96 (m, Ar-H, 6H), 6.85 (t, Ar-H, 2H), 6.56-6.50 (m, Ar-H, 4H), 2.99 
(s, CH2, 2H), 2.77 (s, CH2, 2H). 
31P NMR (161.8 MHz, C6D6): δ 134.1 (dt, P
NHP, 1JP-H = 322.8 
Hz, 2JP-P = 38.1 Hz, 1P), 50.5 (d, PPh2, 
2JP-P = 37.0 Hz, 2P). 
13C NMR (150.9 MHz, THF): δ 
216.0 (m, CO), 211.3 (m, CO), 148.6 (m), 139.2 (dm, JC-P = 38.5 Hz), 134.2 (two overlapping d, 
JC-P = 13.1 Hz), 133.8 (two overlapping d, JC-P = 14.0 Hz), 132.9 (s), 131.5 (s), 129.7 (d, JC-P = 
28.1 Hz), 128.6 (d, JC-P = 17.6 Hz), 120.9 (s), 117.0 (s), 49.3 (s, CH2CH2). IR (DCM, cm
-1): 1978 
(νC-O), 1958 (νC-O), 1874 (νC-O). 
 
Treatment of 1 with Me3NO to generate a mixture containing [(PPOP)MoCl2(CO)][HNMe3] 
(5). Me3NO (0.002 g, 0.023 mmol) was dissolved in THF (4 mL) and added to 1 (0.019 g, 0.023 
mmol). This cloudy dark orange solution turned translucent within 15 minutes and was stirred 
for 16 hours at room temperature. Solvent was removed in vacuo from the resulting solution. 31P 
NMR (161.8 MHz, C6D6): δ 169.0 (t), 150.2 (t), 147.7 (t), 147.2 (broad t), 63.7 (d), 48.3 (d), 45.0 
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(d), 29.6 (d), 29.2 (d). Purple crystals of 5 suitable for X-ray diffraction were grown by slow 
diffusion of Et2O into a THF solution of the reaction mixture at room temperature. 
 
Synthesis of 7. Mo(CO)3(C7H8) (0.172 g, 0.632 mmol) was dissolved in THF (12mL) and added 
to ligand (PPIP) (0.465 g, 0.631 mmol). This dark red/orange solution was stirred for 16 hours at 
room temperature, then solvent was removed in vacuo. This film was rinsed with hexanes (6 
mL), then lyophilized in benzene and dried in vacuo to yield a mixture of 6 and 7, though 7 is the 
major product. Redissolving this mixture in THF (10 mL) and heating at 55°C for three days 
resulted in near-complete conversion to 7. 31P{1H} NMR (161.8 MHz, C6D6): δ 327.9 (t, P
NHP, 
2JP-P = 19.9 Hz, 1P), 17.6 (d, PPh2, 
2JP-P = 19.9 Hz, 2P). 
 
Synthesis of unknown product 8. B(C6F5)3 (0.009 g, 0.02 mmol) was dissolved in THF (6 mL) 
and added to 4 (0.014 g, 0.017 mmol). This orange solution was stirred for 2 days at room 
temperature, then solvent was removed in vacuo from the resulting solution. A 1:1 mixture of 
starting material 4 and new product 8 was observed. Addition of a 2nd equivalent of B(C6F5)3 
(0.008 g, 0.02 mmol) under the same conditions resulted in complete conversion to 8. 31P{1H} 
NMR (161.8 MHz, C6D6): δ 150.4 (t, P
NHP, 2JP-P = 45.0 Hz, 1P), 49.3 (d, PPh2, 
2JP-P = 45.0 Hz, 
2P). 
 
Synthesis of 9-K. KHMDS (40.0 µL, 0.025 mmol) was dissolved in THF (8 mL) and added to 4 
(0.020 g, 0.025 mmol). This solution immediately turned bright red and was stirred for 5 minutes 





Synthesis of 10. MoCl3(THF)3 (0.128 g, 0.307 mmol) was dissolved in THF (12mL) and added 
to ligand (PPClP) (0.199 g, 0.308 mmol). This dark red/orange solution was stirred for 16 hours 
at room temperature, then solvent was removed in vacuo. The resulting film was rinsed with 
benzene (6 mL) and solvent was again removed in vacuo. Small crystals were grown by slow 
diffusion of Et2O into a THF solution of 10 at -35°C. However, none were rectangular enough to 
be suitable for X-ray diffraction. 
 
 
Electrochemistry. Cyclic voltammetry measurements were carried out in a glovebox under a 
dinitrogen atmosphere in a one-compartment cell using a CH Instruments 620E electrochemical 
analyzer. A glassy carbon electrode, platinum wire, and Ag/AgNO3 non-aqueous electrode were 
used as the working, auxiliary, and reference electrodes, respectively. THF solutions of 
supporting electrolyte (0.3 M [nBu4N][PF6]) and analyte were also prepared in the glovebox. All 
potentials are reported versus the Fc/Fc+ couple by comparison to an internal ferrocene reference 
that was added after data collection. 
 
Computational Details. All calculations were performed using Gaussian16 for the Linux 
operating system122 using computational resources through the Ohio Supercomputer Center.123 
DFT calculations were carried out using M06 functional.119 Analytical frequency calculations 
were used to confirm that no imaginary frequencies were present. Single point NBO calculations 




X-Ray Crystallography. Crystals of complexes 1, 2, 4, and 5 were coated with paratone oil and 
mounted on a MiTeGen loop. All operations were performed on either a Bruker-Nonius Kappa 
Apex2 diffractometer or a Bruker D8 Venture PHOTON II CPAD system using graphite-
monochromated Mo Kα radiation. All diffractometer manipulations, including data collection, 
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